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13 ABSTRACT: We present a study where the energy loss function of Ta2O5, initially
14 derived in the optical limit for a limited region of excitation energies from reﬂection
15 electron energy loss spectroscopy (REELS) measurements, was improved and extended
16 to the whole momentum and energy excitation region through a suitable theoretical
17 analysis using the Mermin dielectric function and requiring the fulﬁllment of physically
18 motivated restrictions, such as the f- and KK-sum rules. The material stopping cross
19 section (SCS) and energy-loss straggling measured for 300−2000 keV proton and 200−
20 6000 keV helium ion beams by means of Rutherford backscattering spectrometry (RBS)
21 were compared to the same quantities calculated in the dielectric framework, showing an
22 excellent agreement, which is used to judge the reliability of the Ta2O5 energy loss
23 function. Based on this assessment, we have also predicted the inelastic mean free path
24 and the SCS of energetic electrons in Ta2O5.
I. INTRODUCTION
25 The electronic excitation spectrum of a solid is a basic input in
26 materials science, either to gain knowledge from the
27 fundamental point of view, to improve analysis and character-
28 ization techniques or to foster new applications.1−3 This
29 excitation spectrum often appears encoded in the energy loss
30 function (ELF), which provides a complete description of the
31 response of the medium to an external electromagnetic
32 perturbation.4 Reliable excitation spectra are required in order
33 to take into account the phase and chemical eﬀects that
34 unavoidably appear when working in solids.
35 There are several methods to derive the ELF, which are
36 based on experimental measurements,5−10 or theoretical
37 considerations,11−14 but the information provided by the
38 former rarely covers the whole (or a suﬃciently broad)
39 electronic excitation energy and momentum region, whereas
40 the theoretical calculations many times lack of a direct
41 experimental assessment.
42 We present a joint experimental-theoretical study where the
43 excitation spectrum of Ta2O5 measured by reﬂection electron
44 energy loss spectroscopy (REELS), which only covers a small
45 region (optical, i.e., zero momentum transfer, and valence
46 electron excitations), is improved and extended to the whole
47 excitation region through a suitable theoretical analysis that
48 requires the fulﬁllment of physically motivated sum rules15 and
49includes the contribution of intermediate and inner shell
50excitations. The resulting ELF is used as input for the dielectric
51formalism to evaluate the energy loss magnitudes characterizing
52the passage of swift ions through matter. These calculations are
53compared with the measured stopping cross section and
54energy-loss straggling of Ta2O5 ﬁlms for proton and helium ion
55beams by means of Rutherford backscattering spectrometry.
56The excellent agreement between the experimental and
57theoretical results is used as an assessment of the derived
58energy loss function for Ta2O5.
59Due to its high dielectric constant, chemical and thermal
60stability, as well as wear resistance, tantalum oxide (Ta2O5) is a
61promising material for solar energy conversion systems,
62CMOS-based technology and resistive random access memo-
63ries.16−19 Therefore, it is important to have a proper knowledge
64of the electronic excitation spectrum of this material, which is
65provided in this work as previously described.
66This paper is organized as follows. In section II, the energy
67loss function of Ta2O5 in the optical limit (zero momentum
68transfer, ℏk = 0) is derived from REELS measurements. This
69energy loss function is extended in section III to the whole
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70 energy (ℏω) and momentum (ℏk) transfers region by using the
71 Mermin-energy-loss function and generalized oscillator
72 strength (MELF-GOS) method. Section IV is devoted to the
73 calculation of the Ta2O5 stopping cross section and energy-loss
74 straggling by means of the dielectric formalism. The measure-
75 ment of these characteristic energy loss magnitudes for proton
76 and helium ion beams and the comparison with the theoretical
77 predictions are presented in section V. The excellent agreement
78 between experiments and theory give us conﬁdence to compute
79 the stopping cross sections and the inelastic mean free path of
80 energetic electrons in Ta2O5 ﬁlms, which are presented in
81 section VI. Finally, the summary and conclusions of this work
82 are outlined in section VII.
II. ELECTRONIC EXCITATION SPECTRUM OF Ta2O5
83 FROM REELS MEASUREMENTS
84 Despite the importance of the electronic excitation spectrum of
85 a material such as Ta2O5, no experimental data are available for
86 it in a wide range of excitation energies ℏω. There are
87 transmittance and spectro-photometric measurements in a
88 wavelength range that only allows obtaining the refractive and
89 absorptive index for energies less than 6 eV.20−22 From
90 experimental ellipsometry data, Franke et al.23 got the dielectric
91 function of Ta2O5 thin ﬁlms in the spectral region 0.03−8.5 eV.
92 Reﬂection electron energy loss measurements are an
93 established way of determining the energy loss function of a
94 material,1,24 and the spectrum of amorphous Ta2O5 for 200 eV
95 electrons has been measured up to 60 eV energy losses, but
96 being expressed in arbitrary units it is not an immediate task to
97 obtain the energy loss function.25
98 In what follows, we present experimental data of the energy
99 loss function of Ta2O5 extracted from REELS measurements at
100 higher incident electron energies, ranging from 5 to 40 keV,
101 and with good energy resolution (0.3 eV). These experiments
102 were performed at the Atomic and Molecular Physics
103 Laboratories of the Australian National University. We studied
104 a Ta sample on which a 50 nm thick Ta2O5 layer was grown by
105 thermal oxidation (600 °C for 30 min under a 100 standard
106 cubic centimeters per minute O2 ﬂow). The measurements
107 (with the elastic peak normalized to unit area) are shown in the
f1 108 upper panel of Figure 1 for 5 and 40 keV incident electron
109 beams. The spectra consist of electrons that were detected after
110 zero (i.e., elastic peak) and one or more inelastic events. The
111 feature in the 40 keV spectrum appearing at 4 eV energy loss is
112 due to electrons scattered elastically from oxygen, as the recoil
113 energy loss of a 40 keV electron scattered over 135° is resolved
114 in this experiment. The intensity and position of this feature are
115 linked to the intensity and position of the main elastic peak,
116 which is due to electrons scattered from Ta. As explained
117 elsewhere,26 it is possible to remove this feature, that is, correct
118 the spectrum for the electrons scattered from O. The solid line
119 in Figure 1a represents the REELS energy spectrum after
120 subtraction of the intensity due to electrons scattered elastically
121 from O. At the 5 keV electron beam, the recoil energy is not
122 resolved and subtraction of the O-related intensity is not
123 required.
124 Under quite general assumptions, the (single inelastic
125 scattering) energy loss function (ELF) corresponding to the
126 bulk target (i.e., avoiding surface eﬀect contributions) can be
127 extracted from these experimental data using a procedure
128 described in ref 27. Figure 1b shows the ELF of Ta2O5 derived
129 from the REELS measurements presented in the upper panel.
130 The normalized energy loss spectrum is a “weighted sum” of
131surface and bulk electronic excitations. The surface excitation
132probabilities decrease with increasing incident electron energy.
133These surface excitations are the cause that the intensity of the
134normalized energy loss function is larger at 5 keV than at 40
135keV for energy losses < 20 eV. The QUEELS package28 was
136used to calculate the normalized diﬀerential inverse inelastic
137mean free path (DIIMFP) for electrons. The (unnormalized)
138electron DIIMFP W(ω,T) is related to the dielectric function
139ε(k,ω) by
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143integration limits k1,2 = ((2m)
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144result from energy and momentum conservation in the
145interaction process.
146The target energy loss function, Im(−1/ε), is expressed as a
147set of Drude oscillators such that W(ω,T) ﬁts the 40 keV
148spectrum, namely,
∑
∑
ε ω
ε ω γ ω
ωγ
ω ω ωγ
ω ω
−
=
= −
=
=
− +
≥
⎡
⎣⎢
⎤
⎦⎥
⎡
⎣
⎢⎢
⎤
⎦
⎥⎥
k
A
k
A
Im
1
( 0, )
Im
1
( , ; 0, )
( ) ( )
, for
i
i
i i
i
i
i
i i
i
REELS
Drude
2 2 2 2 th,
149(2)
150where Ai, ωi, and γi are parameters that determine the intensity,
151position, and width of each Drude oscillator and ωth,i is a
152threshold energy. Using these parameters as derived from the
15340 keV measurements, one can calculate the 5 keV spectrum in
Figure 1. (a) Measured REELS energy spectrum (symbols) in Ta2O5
ﬁlms for incident electron energies of 5 and 40 keV. A separate O
elastic peak can be seen for electrons at 40 keV, and after removing it
we obtain the black line. (b) Normalized optical energy loss function
of Ta2O5 (symbols) for both incident electron energies, and the
corresponding ﬁts obtained using the QUEELS package28 (solid lines).
For clarity, the data corresponding to 5 keV electrons are oﬀset by 0.01
in both panels.
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154 the QUEELS package. Indeed the calculated 5 keV spectrum
155 from the ELF has an increased intensity for energy losses less
156 than 20 eV, but the changes are not reproduced fully
157 quantitatively, which can be attributed to a possible failure of
158 the momentum dependence of the loss function in the Drude
159 model used.
160 Therefore, the 40 keV measurement was used to parametrize
161 the ELF rather than the 5 keV ones. First, the surface
162 excitations contribution is small, hence they can be easily
163 avoided. Second, measurements at higher incoming energy have
164 a lower momentum transfer cutoﬀ. Indeed, due to the nature of
165 the Coulomb interaction the ELF is dominated by very low-k
166 losses near the cutoﬀ and the ELF approaches the loss function
167 in the optical limit more and more with increasing incoming
168 energy. Thus, assumptions made about the dispersion (e.g., in
169 the Drude model) become less of a factor at higher energy for
170 the derivation of the energy loss function in the optical limit.
171 As from the REELS experiment one obtains only the shape
172 of the optical energy loss function, one has to set the ELF in eq
173 2 on an absolute scale. For this purpose, QUEELS uses the
174 Kramers−Kronig (KK) sum rule:29,30
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176 where n(0) represents the refractive index at the static limit (ω
177 → 0). Therefore, it is necessary to rescale the parameters Ai in
178 the set of Drude oscillators, used to describe the ELF through
179 eq 2, in such a way that the KK sum rule will be fulﬁlled. For
180 this we need the refractive index value of Ta2O5 as input, which
181 has been taken to be n(0) = 1.75.31
t1 182 In Table 1, we show the parametrization, with nine Drude
183 oscillators in eq 2, used to describe the outer-shell electrons
184 contribution to the optical ELF of Ta2O5 obtained from the
185 REELS measurements. The value we have used for ℏωth,i is the
186 gap energy of Ta2O5, which is 5 eV.
32
III. IMPROVING THE ELF THROUGH THE MELF-GOS
187 METHOD
188 The ELF derived previously from REELS measurements only
189 accounts for contributions of the target outer-shell electrons
190 (ℏω ≤ 80 eV) to optical (i.e., k = 0) excitations. In what
191 follows, we use the MELF-GOS (Mermin energy loss
192 function−generalized oscillator strength) method11,12,33 to
193 obtain an ELF that covers the whole momentum and energy
194 transfers region. The reliability of this procedure is supported
195 by its successful application to describe properly the electron
196excitation spectra of elemental and compound targets.12,34−36 It
197is worth mentioning that alternate procedures to derive suitable
198dielectric properties of solids from experimental data have been
199recently published.10,37
200The contributions to the target ELF of the outer electron
201excitations and of the inner-shell ionizations can be explicitly
202separated as
ε ω ε ω ε ω
− = − + −
⎡
⎣⎢
⎤
⎦⎥
⎡
⎣⎢
⎤
⎦⎥
⎡
⎣⎢
⎤
⎦⎥k k kIm
1
( , )
Im
1
( , )
Im
1
( , )
outer inner
203(4)
204The inner-shell electrons have large binding energies, showing a
205marked atomic character and no collective eﬀects; therefore,
206they can be suitably modeled by means of the atomic
207generalized oscillator strengths (GOS), where hydrogenic
208wave functions are employed with eﬀective nuclear charges
209for each shell given by Slater’s rules. The advantage of this
210procedure is that analytical expressions for the ELF are available
211for the nonrelativistic hydrogenic GOS12
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213where N is the molecular density of the target, df nl
(j)(k,ω)/dω is
214the hydrogenic GOS corresponding to the (n,l)-subshell of the
215jth element of the compound target, and αj indicates its
216stoichiometric contribution to the compound formula. For
217Ta2O5, the electrons from the K-shell of O, as well as the K-, L-,
218and M-shells of Ta are treated as inner electrons and described
219by the GOS.
220The electronic excitations of the weakly bound outer shells
221are described by ﬁtting the experimentally obtained optical
222ELF, that is, at k = 0, by a linear combination of Mermin-type
223ELFs. For this purpose, we use a similar expression to eq 2, but
224replacing the Drude dielectric functions by Mermin dielectric
225functions.38 The values of the parameters Ai, ωi, and γi are, in
226principle, the same as those that appear in Table 1, since in the
227optical limit (i.e., at zero momentum transfer) the Drude and
228the Mermin ELF are identical;33 however, in what follows,
229these parameters will be modiﬁed in order to improve the ELF.
230The diﬀerences between both models (Drude and Mermin)
231to describe the ELF of a target will appear for momentum
232transfers diﬀerent from zero, because an important advantage of
233the MELF-GOS method is that the ﬁt of the ELF in the optical
234limit (k = 0) is analytically extended to nonzero momentum
235transfer (k ≠ 0) through the properties of the Mermin dielectric
236function.
237Besides a good ﬁtting, the constructed ELF must fulﬁll
238physically motivated sum rules.15,30 The Kramers−Kronig (or
239perfect screening) sum-rule eq 3, already imposed when
240obtaining the parameters that appear in Table 1, is an important
241test for the accuracy of the ﬁtted ELF at low energy transfer.
242But the f-sum rule (or Thomas−Reiche−Kuhn sum rule),
243which links the ELF to the number of target electrons per
244molecule that can be excited by the projectile, must also be
245satisﬁed for a good behavior of the ELF at intermediate and
246high energy transfers. It is given by15,29,30
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248where Z2 is the total nuclear charge of the molecule.
Table 1. Parameters Used to Fit the Outer-Shell Electron
Contributions to the Optical ELF of Ta2O5 Deduced from
REELS Experiments
i ℏωi (eV) ℏγi (eV) Ai (eV
2)
1 8 3.5 4.23
2 15.5 6 43.3
3 22.5 11 123
4 30 9 131
5 39.5 5 25.8
6 42.5 5 25.8
7 52 16 240
8 54 8 37.7
9 80 30 94.1
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249 Although the experimental ELF of Ta2O5 obtained from
250 REELS fulﬁlls the KK-sum rule, eq 3, however the f-sum rule is
251 not veriﬁed, because using Im(−1/ε) in eq 6 with the
252 parameters of Table 1 gives 92.8 electrons for Ta2O5, which
253 is far from the right value of 186. Therefore, a new ﬁtting of the
254 Ta2O5 optical ELF must be made following the guideline that at
255 low energy transfers it must reproduce the optical ELF
256 obtained from REELS measurements, whereas at intermediate
257 and high excitation energies, where no experimental optical
258 ELF values for Ta2O5 are available, it must account for the
259 inner-shell electron contributions to the ELF. For compound
260 targets, as is the case of Ta2O5, this contribution is obtained by
261 applying the additivity of the ELF/N ratios corresponding to
262 their elementary constituents.39 Besides the good agreement
263 with experimental data and the fulﬁllment of the sum rules, the
264 accuracy of the ELF derived from the MELF-GOS method-
265 ology relies in the excellent agreement40,41 with the (scarce)
266 experimental data available for nonzero momentum transfer
267 ELF.
268 Proceeding in this manner, we have derived an improved
269 ELF that veriﬁes the f-sum rule using the parameters given in
t2 270 Table 2, which reproduces the ELF obtained from the REELS
271 data for low-energy transfers and includes the generalized
272 oscillator strengths for high-energy transfers. This new ELF
273 fulﬁlls the f-sum rule within 3% and the KK-sum rule better
274 than 4%, the latter value being comparable with the one
275 obtained from the ELF derived from REELS measurements.
f2 276 This improved ELF for Ta2O5, depicted in Figure 2 by a blue
277 solid line, coincides for ℏω ≤ 60 eV with the ELF derived from
278 the REELS data (depicted by a magenta dash-dotted line). At
279 intermediate and high energy transfers the ELF is obtained by
280 the addition of the outer and the inner-shell electron
281 excitations, eq 4, where the last contribution is calculated
282 using the GOS model, according to eq 5. This ELF compares
283 fairly well to the one deduced from the atomic scattering factors
284 at low-intermediate42 and high43−45 energies, respectively,
285 depicted by a light42 or a dark43−45 gray dashed line.
286 In Figure 2, we also show, by a magenta dash-dotted line, the
287 optical ELF of Ta2O5 built from eq 4, where the outer (least-
288 bound) electron excitation contribution is obtained from eq 2,
289 with the parameters resulting from the REELS measurements,
290 which are given in Table 1, and where the inner-shell
291 contribution is also included. The measurements by Franke
292 et al.23 at very low transferred energies are depicted by orange
293 dots.
294We can observe in Figure 2 that the ELF of Ta2O5 presents a
295small shoulder at 7.9 eV, due to electron transitions from
296valence band into conduction band, several well-deﬁned peaks
297at 15.6, 22.2, and 28.8 eV, which can be attributed to plasma
298oscillations of valence electrons and/or to interband transitions,
299and broad peaks at 40.4 and 52.2 eV, which can be related to
300electronic interband transitions of the d-electrons. After these
301energies, the ELF decreases smoothly to enter the inner-shell
302excitation region, where sharp discontinuities appear at the
303oxygen K-shell threshold (543.1 eV) and the K- (67416.1 eV),
304L- (11682 eV, 10508.6 eV), and M- (2708 eV, 2331.4 eV, 1764
305eV) shell thresholds of Ta.
IV. THEORETICAL CALCULATION OF THE ENERGY
306LOSS OF SWIFT IONS IN SOLIDS: DIELECTRIC
307FORMALISM
308Intimately related to the ELF of a material is the energy lost by
309swift projectiles due to electronic excitations induced during
310their passage through the medium. The dielectric formal-
311ism,46−49 which is based on a perturbative analysis of the
312response of an absorbing medium to an external excitation,
313becomes a suitable method to evaluate the main energy loss
314magnitudes in a broad range of incident energies.
315For an energetic ion with kinetic energy T, mass M, atomic
316number Z1 and charge q that interacts with a medium, whose
317electronic excitation spectrum is represented by its energy loss
318function Im[−1/ε(k,ω)], the target stopping power is given
319by33
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321where ρq(k) is the Fourier transform of the projectile charge
322density for the charge state q, which is calculated using the
323statistical Brandt−Kitagawa model.50,51
Table 2. New Parameters Used to Improve the Optical ELF
of Ta2O5 from REELS Measurements When Both the f- and
the KK-Sum Rules Are Fulﬁlleda
i ℏωi (eV) ℏγi (eV) Ai (eV
2)
1 15.5 5.44 39.24
2 22.5 11 119.95
3 30 9 125.87
4 39.5 5 22.21
5 42.5 5 22.21
6 53.1 16 259.15
7 65.3 13.6 37.02
8 76.2 81.6 222.13
9 163.3 408.2 1236.53
aThe value ℏωth,i = 5 eV has been used in all cases.
Figure 2. Optical energy loss function of Ta2O5 as a function of the
transferred energy ℏω. The left panel corresponds to the ELF at low
transferred energy (ℏω ≤ 100 eV), whereas the right panel (on a
logarithmic scale) depicts the ELF due to excitations at intermediate
and high energies. The magenta dash-dotted line is the ELF calculated
with eq 2 and the parameters given in Table 1, derived from the
REELS original data shown in Figure 1. The blue solid line represents
the improved ELF based on the parameters of Table 2, derived from
the MELF-GOS method with the requirement of the f-sum rule
fulﬁllment. The light and dark gray dashed lines result from the atomic
scattering factors taken from X-ray data42 and more recent
calculations,43 and the orange dots (at very low energy) represent
experimental data.23
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324 Taking into account that the charge state of the projectile
325 changes dynamically due to electron capture and loss processes
326 within the stopping material, then the total stopping power S
327 can be written as
∑ ϕ=
=
S S
q
Z
q q
0
1
328 (8)
329 where the equilibrium charge-state fractions ϕq represent the
330 probability of ﬁnding the projectile in a given charge state q,
331 which depends on its energy T and the target nature. These
332 values are obtained from a parametrization of the experimental
333 data,52 which uses Bragg’s additivity rule for compound targets.
334 The summation in eq 8 extends over all possible charge states q
335 of the projectile. Note that, in the stopping power calculation
336 Sq, eq 7, the contribution due to the projectile polarization by
337 the electric ﬁeld induced in the target53−55 and the energy loss
338 produced in electron capture and loss events53,56 are also
339 included. A useful quantity to compare with experimental data
340 is the stopping cross section (SCS), deﬁned as the stopping
341 power divided by the density of the target.
342 Fluctuations in the projectile energy loss due to the
343 stochastic behavior of inelastic collisions are accounted for by
344 the energy-loss straggling, Ω2, which represents the variance of
345 the projectile energy loss distribution per unit path length. In
346 the dielectric formalism, Ω2 is given by
∫
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348 where Ωq2 is the energy-loss straggling of a projectile with
349 charge state q. As in the case of the stopping power, the total
350 energy-loss straggling Ω2 is calculated as a weighted sum of Ωq2
351 for the diﬀerent charge states q of the projectile.
352 An important magnitude that enters into the Bethe
353 formula49,57,58 at high incident projectile energies is the mean
354 excitation energy I of the target,58,59 which can be obtained
355 from the energy loss function as follows:
∫
∫
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− =
− =
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Im[ 1/ ( 0, )]d
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357 The resulting value for Ta2O5 is I = 461.9 eV, which is sensibly
358 lower than the value 523.8 eV obtained by the procedure based
359 in the Bragg rule outlined in the ICRU Report 49.60
V. EXPERIMENTAL DETERMINATION OF THE ENERGY
360 LOSS OF H AND He IONS IN Ta2O5 FILMS
361 A. Preparation and Characterization of Ta2O5 Films.
362 The Ta2O5 ﬁlms were grown on a Si(100) substrate by radio
363 frequency magnetron sputtering (300 W) using a commercial
364 Ta2O5 target and an O2/Ar mixture as sputtering gas. The base
365 pressure was 5.0 × 10−7 Torr, and the Ar+/O2 pressure during
366 deposition was 5.3 mTorr. A Rigaku θ−2θ diﬀractometer
367 employing Cu K-α radiation was utilized to obtain low- and
368 high-angle diﬀraction scans. The thickness of each ﬁlm was
369 derived from the deposition time and a growth rate of about 2.8
370 nm/min. It was measured afterward using the X-ray reﬂectivity
371 technique and the software package WinGixa from Philips.61,62
372 Besides the thickness, the root-mean-square roughness and
373mass density of each ﬁlm were deduced from the ﬁts. The
374thicknesses t of the Ta2O5 ﬁlms were 25 (1), 36 (1), 45 (1), 58
375(1), 75 (1), 95 (2), 110 (3), and 173 (3) nm. The roughness
376was 0.5 nm for ﬁlms with t ≤ 95 nm, and the average mass
377density was 8.22 (0.06) g/cm3, where the uncertainty was given
378by the standard deviation of the density values in the ﬁts. For
379ﬁlms with t = 110 and 173 nm, in which the use of the
380reﬂectivity technique is not appropriate, their thicknesses were
381estimated by comparing the widths of the Ta structure in the
382Rutherford backscattering (RBS) spectra with the respective
383ones obtained for thinner ﬁlms. It should be stressed that these
384ﬁlms were not used in the energy-loss straggling experiments
385due to the lack of information on their roughness. Measured
386 f3and ﬁtted X-ray reﬂectivity spectra are shown in Figure 3 for
387several thicknesses of the Ta2O5 ﬁlms. A good agreement was
388found between the experiment (symbols) and simulation (solid
389lines) of the reﬂectivity. The stoichiometry of the ﬁlms was
390checked and conﬁrmed by the RBS measurements.
391B. Measurement of the SCS and the Energy-Loss
392Straggling by Using the Rutherford Backscattering
393Technique. The energy loss measurements were performed
394at the Instituto de Fiśica da Universidade Federal do Rio
395Grande do Sul, Brazil, with H+ and He+ ion beams delivered by
396the 500 kV ion implanter for the lower energies, and a 3 MV
397tandem accelerator for the higher ones. The samples deposited
398on a Si wafer were mounted on a four-axis goniometer. For
399each ion beam energy, a sample thickness was selected such
400that the Ta structure in the RBS spectrum will be well-deﬁned.
401In some cases two diﬀerent samples were analyzed at the same
402energy, and the obtained results were quite compatible.
403The RBS measurements for the stopping power were done
404with the detector ﬁxed at θ = 120° with respect to the beam
405direction. For each beam energy, four spectra were recorded at
406the incidence angles θ1 of 0°, 20°, 40°, and 60° between the
407sample normal and the beam direction. The RBS spectra were
408acquired with a Si surface barrier detector. The overall
409resolution of the detector plus the associated electronics was
4108 keV for H and around 13 keV for He. The covered energy
411ranges were 300−2000 keV for H, and 200−6000 keV for He.
412 f4Typical experimental RBS spectra are displayed in Figure 4a for
413400 keV H at the incidence angle θ1 = 0° on 74.5 nm Ta2O5,
414where symbols represent current measurements, whereas the
415continuous curve stands for the ﬁtting of the Ta structure.
Figure 3. Measured X-ray reﬂectivity spectra (symbols) and
corresponding WinGIXA simulated spectra (solid curves) for four
Si(100)/Ta2O5 ﬁlms, labeled with the corresponding thickness of the
Ta2O5 ﬁlms.
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416 For the energy-loss straggling measurements, we have used
417 only the ﬁlms with t ≤ 94.5 nm since they have a well
418 determined roughness at the interface with the Si substrate. A
419 wide energy interval was covered in the present experiment:
420 200−1500 keV for H and 400−4000 keV for He ions. For each
421 incident ion energy, we have used the appropriate ﬁlm and the
422 spectra were recorded at 0°, 30° and 45° between the normal
423 and the incident ion beam, in order to have better precision in
424 our ﬁnal results. Typical results for 3000 keV He are shown in
425 Figure 4b for a 94.5 nm Ta2O5 ﬁlm at 45° with respect to the
426 beam. The full line is the ﬁtting to the Ta signal.
427 A careful analysis of the RBS spectra was done by applying
428 the fundamentals of the RBS technique,36,63,64 from which the
429 stopping cross sections were extracted with an estimated error
430 of the order of 10% for H and less than 6% for He. It should be
431 stressed that the stopping cross section determination requires
432 at least two independent measurements at diﬀerent beam-
433 sample angles. However, we have performed the experiments at
434 four angles in order to improve the precision of the obtained
435 results. For a detailed explanation of the present procedure, see
436 ref 36.
437 On the other hand, in order to determine the energy-loss
438 straggling values from the experimental spectra, we have
439 followed a procedure already described,65 which in turn is based
440 on the algorithm proposed by Chu et al.63
f5 441 In Figure 5, we show the stopping cross section (SCS) of
442 Ta2O5 for (a) protons and (b) α particle beams, as a function of
443 the incident energy. Symbols represent the results obtained
444 from the present measurements. The data corresponding to He
445 ions are in very good agreement with the available experimental
446 data around the maximum of the SCS (thick green line), which
447 were obtained using the transmission technique.66 Blue solid
448lines represent the SCS calculated with the dielectric formalism
449when using the improved ELF of Ta2O5, as explained in section
450IV. As it can be seen, there is a quite good agreement in the
451wide ion energy region where experimental data are available,
452for protons as well as helium ion beams. If we use for the outer-
453shell electron excitations the ELF originally obtained from
454REELS in section II, together with the GOS extension to
455account for inner-shell contributions to the ELF, then the
456magenta dotted curves result, which substantially diﬀer from
457the experimental SCS and energy-loss straggling. For
458comparison purposes, the results obtained from the semi-
459empirical SRIM code67 are also shown in the ﬁgure by gray
460dash-dotted lines.
461 f6Figure 6 shows the experimental and calculated energy-loss
462straggling values for H and He beams in Ta2O5 ﬁlms, as a
463function of the ion energy. Experimental results are depicted in
464the ﬁgures by symbols. For the H beam, the measured range
465interval covers from 200 to 1500 keV, while for He it ranges
466between 400 and 4000 keV. Theoretical results obtained from
467the dielectric formalism, eq 9, with both the improved and the
468originally derived ELF from REELS, are presented by a solid
469blue line and a magenta dotted line, respectively. Similarly to
470the stopping cross section results, the experimental-theoretical
471agreement of the energy-loss straggling is excellent when using
472the improved ELF derived in section III. The horizontal dashed
473lines in Figure 6 represent Bohr’s energy-loss straggling ΩB2,
474which, for a compound target as Ta2O5, is obtained in a ﬁrst-
475order approximation by the addition of the (ΩB,j2/Nj) ratios,
476where ΩB,j2 = 4πZ12Z2e4Nj is the Bohr energy-loss straggling
68
477of each one of the compound j-atomic constituent.65
Figure 4. (a) RBS spectrum (symbols) used to extract the Ta2O5
stopping cross section: a 74.5 nm Ta2O5 ﬁlm bombarded by a 400 keV
H beam at normal incidence. It is possible to see the O signal from the
ﬁlm, as well as the Si structure from the substrate. (b) RBS spectrum
used to extract the energy-loss straggling of Ta2O5: a 94.5 nm Ta2O5
ﬁlm was bombarded by a 3000 keV He beam at the incidence angle of
θ1 = 45°. In both cases, symbols correspond to present RBS
measurements, whereas the solid lines represent the ﬁt to the Ta
signal.
Figure 5. Stopping cross section (SCS) of Ta2O5 for (a) protons and
(b) helium ions, as a function of the incident projectile energy T.
Experimental data obtained in this work are shown by symbols, with
their corresponding error bars. The blue solid lines represent
calculations from the dielectric formalism using as input the improved
ELF of Ta2O5, whereas the magenta dotted line was obtained from the
dielectric formalism when using the ELF directly extracted from the
REELS data. A gray dash-dotted line depicts the results of the
semiempirical SRIM code.67 Experimental data obtained for helium
ions with the transmission technique66 are represented by a thick
green line.
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478 The excellent agreement of the experimental SCS and the
479 energy-loss straggling with the corresponding calculations using
480 the improved ELF (derived in section III), as compared to the
481 originally ELF deduced from REELS (see section II) is taken as
482 a validation criterion to use for Ta2O5 the ELF represented in
483 Figure 2, obtained from eqs 4 and 5 with the parameters given
484 in Table 2.
VI. INELASTIC MEAN FREE PATH AND STOPPING
485 POWER OF SWIFT ELECTRON BEAMS
486 The reliability of the improved ELF obtained in section III is
487 assessed by the excellent agreement between the theoretical
488 and the experimental stopping cross sections as well as the
489 energy-loss straggling of Ta2O5 for H and He ion beams.
490 Therefore, we will apply this ELF to obtain the inelastic mean
491 free path (IMFP) and the stopping power of electrons in
492 Ta2O5, which are relevant quantities for characterization and
493 modiﬁcation of solid media by means of electron beam
494 techniques such as electron microscopy, X-ray photoelectron,
495 Auger electron spectroscopy and related techniques.4,69,70
496 Besides, the electron IMFP and stopping power are essential
497 inputs in the simulation of electron transport in solids with
498 Monte Carlo method.71
499 If we consider a nonrelativistic electron with kinetic energy
500 T, the dielectric formalism gives the following expressions for
501 the inverse IMFP, λ−1, and the stopping power Se in a solid:
34,72
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505where the integration limits k1,2 are given in section II. The
506maximum transferred energy ℏWmax by an electron with energy
507T cannot exceed the value T − Egap, where Egap is the target
508band gap energy. Besides, the indistinguishability between the
509incident electron and a generated secondary electron means
510that the maximum energy transfer cannot exceed T/2.
511Therefore, the maximum transferred energy will be given by
512ℏWmax = min(T/2,T − Egap). Finally, the exchange eﬀects in the
513electron−electron interaction due to the indistinguishability of
514scattered and ejected electrons must be considered when the
515energy of both electrons are similar; to account for this eﬀect,
516we include the exchange corrections given by the Ochkur
517approximation,73 where the exchange term is fex(k) = (ℏk/mv)
4
518− (ℏk/mv)2, where v is the velocity of the incident electron.
519The Pauli exclusion principle is considered in all the cases.
520The inelastic mean free path λ and the stopping cross section
521 f7SCS for electrons are depicted in Figure 7 as a function of the
522electron kinetic energy. The blue solid lines represent
523calculations obtained from the improved ELF, whereas the
524magenta dotted lines were obtained using the ELF originally
525deduced from REELS. Diﬀerences between both procedures
526are larger at higher electron energies, especially for the stopping
527cross section at energies around and larger than the maximum
528of the SCS. Mean free path and stopping power measurements
529are required at high and intermediate electron energies in order
530to elucidate the discrepancy between both ELF models due to
531the contribution of the target electron excitations at
532intermediate and high energies. Besides, the IMFP at large
533energies is crucial in the interpretation of hard X-ray
534photoemission spectroscopy (HAXPES), and therefore, a
535precise knowledge of the IMFP at high energies is of real
536interest.74,75
Figure 6. Energy-loss straggling Ω2 of (a) protons and (b) alpha
particles in Ta2O5. Symbols correspond to present experimental
measurements obtained with the RBS technique. Lines are calculations
from the dielectric formalism using the improved ELF (blue solid line)
and the originally derived ELF from REELS (magenta dotted line).
The horizontal black dashed line corresponds to the Bohr energy-loss
straggling, ΩB2.
Figure 7. Dielectric formalism results for (a) the inelastic mean free
path, λ, and (b) the stopping cross section (SCS) of electrons in
Ta2O5, as a function of the incident electron energy T. Blue solid lines
correspond to the results obtained when using the improved ELF
(section III), whereas the magenta dotted lines come from the use of
the ELF originally derived from REELS (section II).
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VII. SUMMARY AND CONCLUSIONS
537 In the present, work we have performed a joint experimental-
538 theoretical study to reliably determine the energy loss function
539 (ELF) of Ta2O5, which is a magnitude that enters as a main
540 ingredient in numerous areas of materials science.
541 The target outer shell electron excitations contribution to the
542 ELF was initially derived from reﬂection electron energy loss
543 spectrocopy measurements. Then this ELF was further
544 improved theoretically, through the MELF-GOS methodology,
545 by the proper inclusion of the inner-shell electrons contribution
546 and requiring the fulﬁllment of physically motivated sum rules,
547 as the KK- and the f-sum rule. The dielectric formalism applied
548 to the calculated ELF provided the stopping cross sections and
549 energy-loss straggling of Ta2O5 for proton and α particle
550 beams. These magnitudes were experimentally determined for a
551 broad range of incident projectile energies by using the
552 Rutherford backscattering methodology. The reliability of the
553 Ta2O5 ELF deduced in this work is assessed by the excellent
554 agreement between the measured SCS and energy-loss
555 straggling as compared with the corresponding calculations
556 obtained by means of the dielectric formalism. As a further
557 result of our study, we have calculated the inelastic mean free
558 path and the stopping cross sections of swift electrons in
559 Ta2O5, both magnitudes being of relevance in further studies of
560 this promising material in the microelectronics industry.
561 In conclusion, we have derived a realistic ELF for Ta2O5,
562 taking into account chemical and phase eﬀects, which is valid
563 for all momentum and energy transfers. For this purpose, we
564 have used diﬀerent (and complementary) experimental and
565 theoretical procedures, to improve and evaluate the results.
566 Thus, we have shown how an ELF experimentally derived from
567 REELS measurements can be further improved by applying
568 theoretical considerations. Finally, the reliability of the ELF has
569 been assessed by independent measurements through the
570 Rutherford backscattering method of the stopping cross
571 sections and the energy-loss straggling of swift H and He
572 beams in Ta2O5.
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